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THE LATE FREDERIC JOLIOT-CURIE
(on the occasion of his sixtieth birthday)

March 19, 1960 marks the passage éf_sixty yeafs '
from the time of the birth of the outstanding French
scientist .and physicist Fréderic Joliot-Curie, ardent

fighter for peace and member of the French Communist

Party, The name of this scientist is inscribed in gilded
letters in the history of science. The most important .
stages of the development of nuclear physics in the
first half of the XX Century are associated with his’
name, ' B

physics of the atomic nucleus back in 1928, in collabor-
ation with his wife Irene Joliot-Curie. In 1934 they.
discovered the phenomenon of artificial radioaétivi‘ty.
This discovery played an exceptionally great role in the
‘development of concepts on the properties of atomic
nuclei, The Joliot-Curies were jointly awarded the
Nobel prize for this discovery, outstanding in its im-
portance. The phenomenon of artificial radioactivity
has come into advantageous use in our time on'a

broad and fruitful scale in almost all branches of
science and inmany branches of industry.

JoliotCurie performed much important work pre-
paratory to and conducive to the discovery of the
neutron, He was the first to record and photograph the
results of a neutron-proton collision in a Wilson cloud
chamber, An important phase of Joliot-Curie's en< .

Fréderic Joliot-Curie launched into the study of the-

deavors was also devoted to research on the formation
by gamma photons of pairs of oppositely charged
particles, the position and electron, '

‘The outstanding scientist Joliot-Curie was one of )
the first to grasp the enormous significance of the dis-
coveries of nuclear physics for the future of mankind.
He took a firm stand against secrecy clouding research,
and against military uses of nuclear research,

In 1946, soon after the liberation of France from
the Hitlerite usutpers, Joliot-Curie became head of the
Commissariat de l"_fnergie Atomique, of which he was
the founder, and on December 15, 1948, France's first

' nuclear reactor, named ZOE ("life” in Greek), was

commissioned under his supervision.
In 1943, Joliot-Curie became a member of the
Paris Academy of Sciences, and in 1947 became a

- Corresponding Member of the. Academy of Sciences of

the USSR, E _
Joliot-Curie was also very much active in public
life, From 1946 on he was president of the World
Federation of Scientific Workers, and from 1951 held
the post of Chairman of the World Peace Council,.
Joliot-Curie died on August 14, 1958, v
Soviet scientists also found in Fréderic Joliot-Curie
a true friend, and felt pride for his being an outstanding

.-scientist and fighter for peace,

* 187
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A CYCLOTRON WITH A SPATIALLY VARYING MAGNETIC

FIELD*

D. P. Vasilevskaya, A. A, Glazov, V. I. Danilov, Yu. N, Denisov,
V. P, Dzhelepov, V., P. Dmitrievskii, B. I. Zamolodchikov,

N. L. Zaplatin, V. V. Kol'ga, A. A. Kropin, Liu Nei-ch'uang

V. S. Rybalko, A. L. Savenkov, and L. A. Sarkisyan

Translated from Atomnaya Energiya, Vol. 8, No. 3, pp. 189-200,

March, 1960
Original article submitted August 27, 1959

This article is devoted to the design of a cyclotron with a spatially varying magnetic field, The basic con-
clusions of the linear theory of motion of charged particles in a magnetic field of periodic radial and azimuthal
structure are given. The theoretical and experimental results of the study of nonlinear resonance close to the
center of the accelerator are presented. Formulas are obtained for the calculation of required magnesic field
configurations, Methods of shimming, measurement, and stabilization of the magnetic field are suggested. An
accelerator designed with pole faces of diameter 120 cm was used for modeling the ion phase motion and for in-
vestigating spatial stability." Deuterons were accelerated to an energy of 13 Mev at an accelerating voltage of

5 kv.

Introduction

The idea of using a spatially varying magnetic
field in cyclical accelerators to provide stable motion
of the particles was first expressed in 1938 [1], This
idea was not further developed at that time because the
limitation on the energy attainable in the cyclotron
was caused by the phase motion of the ions, and the
proposed method removed this limitation only in a

~ narrow region of accelerated ion energies. As a result
of the discovery of the autophasing principle in 1944-
1945 by V. L Veksler {2] and E. McMillan [3], the

energy limitation in cyclical accelerators was removed.

There arose, however, serious difficulties of a technical
and economic nature in the design of accelerators for
energies of the order of 10-15 Bev.and above,

The application of magnetic fields with a varying
gradient in ring accelerators [4] permitted a decrease
in the volume of the magnetic field in which the ac~
celeration of the particles takes place and an increase
in the energy of the accelerated protons to several tens
of billion electron-volts [5-7], The pulse character of

. the operation of these accelerators, however, greatly
restricts the average accelerated particle current and,
to a considerable degree, narrows the possibilities of
their use in nuclear research,

The proposed application of colliding beams of
particles for the study of nuclear processes, the excep-
tional importance of investigations of nuclear reactions

168

produced by secondary particles (r, u, K, E L, etc.),
the constantly increasing requirements of experimental
accuracy all lead to the heed of increasing the particle
beam intensity obtained from the accelerators, In this
connection, there is a pressing need for a detailed in-
vestigation of new possibilities of accelerating tech-
nique {8, 9] involving nonhomogeneous structures of
stationary magnetic fields.}

In 1955, there was suggested a magnetic field whose
intensity varies periodically in both the azimuthal and
radial directions [12]. Theoretical investigations of the
particle dynamics in such fields indicated that these
fields are more advantageous than the magnetic fields
suggested in [1]. For cyclical accelerators these ad-
vantages lead to an increase in the limiting energy of
the accelerated particles and also to a considerable de-
crease in the required amplitude of variation (flutter) of
the magnetic field intensity., For accelerators of the
phasotron type, such fields permit one to obtain dy-

® A brief account of the starting up of this accelerator
appeared in the journal Atomnaya Energiya 6, 6, 657

(1959), [Original Russian pagination. See, C. B. translation)

+ Here we shall not consider questions related to the use
of the properties of relativistic plasma [10] for accelera-

tors or the possibilities of a coherent method of accelera-
" tion [11], since this goes beyond the scope of our dis-
" cussion,
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namically similar orbits during the entire acceleration
cycle and also to "accomodate” a large range of pulses
of particles in a relatively narrow ring-shaped zone of
the magnetic field. - '
During 1955-1958, in the Nuclear Problems
Laboratory of the Joint Institute of Nuclear Studies in-
vestigations of spiral-ridge magnetic fields were carried

’ TR T e T
) 2’_1‘1 .o e ]/ ;’_/z_}_rg_%_Z,z

r'"———--r=

mc

r IILC

where 1 and z' denote differentiation with respect to
¢; H,, H, Hy are the components of the magnetic
field intensity ; mv is the momentum of the particle,

We represent the magnetic field of a cyclotron in
the median plane in the form

H = H(r)[1+¢f () 9)], (2)

where ¢ is the flutter of the magnetic field; f(r,o)isa
periodic functionof r and ¢ with an average value of
Zero, -

After inserting (2) into (1), we obtain the following
system of equations, which describes the motion of
particles of momentum

p=mv= ——H (RYR (3)

apart from terms higher than the second order:
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out on an accelerator of the cyclotron type designed
and built on the basis of the theory of spatial stability
developed at Dubna [13-15] and Harwell [16-18].
Linear Theory '

The motion of a charged particle in a magnetic
field is described by the equations (in the cylindrical
coordinate system)

+inz);

(rb.—2'Hy —— f,
@

The equation of the closed orbit in the linear
approximation obtained from (4) has the form

ot [t eR L2 mef Jo=—ehtf (s)

Denoting by p the particular solution of the inhomo-
geneous equation (5), we obtain a linearized equation
of oscillations with respect to the closed orbit:

of

“e [t eRGE R @ n)ef+
,-% (1—{—2/1-{—(1)64—28(2«}—11)@_%«}-

2 e
(20 d) fokeRo gk | o -
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We shall consider a case encountered in practice
in which the lines of the extreme values of the vertical
component of the magnetic field intensity are Archi-

medes spirals:
f=sin (-:J-—Ncp) ,

where 27 % is the radial pitch and N is the penodlclty
of the magnetic field structure,

Since in a cyclotron (wg = const) the exponeint of
the field 1 should vary as Bz/(l - B ), then the choice
of the magnetic ficld structure in which the extreme
values of the intensity are distributed over a logarithmic
spiral [16] is impractical.

For the cyclotron under consideration the basic
focusing action is determined by terms containing the
ratio R/ %. For a nonconservative choice of parameters
[19), this ratio considerably exceeds unity throughout
the range of radii, except for a small zone at the center

(7

169

Declassified and Approved For Release 2013/02/19 : CIA-RDP10-02196R000100050003-6



Declassified and Approved For Release 2013/02/19 : CIA-RDP10-02196R000100050003-6

" of the accelerator where the employed linear theory
is inapplicable.

After neglecting small terms and reducing the
system (6) to canonical form, we can write

0" +(a, +2qcos2k)e =0; }

2"+ (a, — 2qcos 28) z =0, ®

where
e2R?
=35 {1+ n—
_ 4 e’R?
©= —hn {” 2x2[1v2—<1+n)1}
2eR
/Vziz ;

2§=T—Ncp.

and the second

From (8) it follows that-for cyclotrons the intial
values of the coefficients in the Mathieu equations are
a, =4/ N2, a, = 0, q=0, i.e., the working point lies in
the first stability band [20). The width of this band for
q < 1is given to an accuracy of a few percent by

1 1 .
—702<ar.z<1—f1——8‘(12- (9)

From inequalities (9) it follows that for the vertical
oscillations the restriction imposes only the lower bound-
ary of the stability band -1/ 2q%) and for radial oscilla-
tions, only the upper boundary (1-q— 1/ 8q.2).

The first restriction is written in the form

e> V7 ,/N""““L"’, (10)
N~ (14n)

<5yl mor oy
2R 3N (1+4-0) (3N?*+n--1)?

Comparing (10) and (11) for a given value of N,
one may determine the limiting values of the quantity
N, and, consequently, the limiting energy which can be
obtained in the cyclotron with a magnetic field of the
form (7):

Eyin=E,(Vn+1-1). (12)

For accelerators whose free frequencies of oscilla-
tion change during the acceleration process, the limit-
ing energy is determined not by the boundaries of the
stability band but by the resonance values of the free
frequencies of oscillation.

From the system of equations (8), it follows that
the free frequencies of oscillation are

QZ. 2 p’z, T? (13)

where the values p, and p, for the Mathieu equations
are determined from the expression

ntsinaVa ¢ 14
cospm_cosnv “'—Z Ve T—a" (14)
This expression is sufficiently accurate for practical
calculations over the entire range of variation of the
free oscillation frequencies.

If ¢ < 1, then from (8), (13), and (14). it follows

that

0=V ] e (SR )

where for n « N?

‘/( eR (16)

Thus, the initial frequencies of the free oscillations
in cyclotrons are QZ =0and Q;=1. In the acceleration

170

4[N —(1+4n)] Vm IN—=(+nmF

3[N2—(1+n)]+32(1+n) [Nz—f(i-{—n)]}. (a1

SNT ng1 N2 (3N?*-Fn+ 1)

process these frequencies increase. If we exclude re-
sonance excitation of oscillation in the central region
of the accelerators, then the first linear resonance ex-
citation of the oscillations of the first and third har-
monics of the magnetic field are possible in the zones
where Q; = 0.5 and Q; = 1.5, respectively.

Data on the passage of particles through parametric
resonance are given in [15]. The calculations carried
out for an increase in the amplitudes of oscillation
close to the resonance regions Q; = 2 and Q; = 1 for a
periodicity of the magnetic field structure N equal to
4, 6, 8, and o indicate possible limiting energies} of
500, 790, 850, and 938 Mev, respectively for protons.

Nonlinear Effects

The presence in the magnetic field structure (2)
and (7) of the small parameter x increases the in-
fluence of nonlinear effects in such accelerators.

By analogy with systems considered in [21], it
should be expected that the investigated systems (1),
(2), (7) are excited to frequencies Qr.z =IN /q, where
! and q are integers, Thus, in the central region of
the accelerator (Qy = 1, I = 1, q = N) a nonlinear re-
sonance effect is possible if the initial amplitude is
larger than some quantity determined by the parameters
of the chosen magnetic field structure. In order to find
this amplitude it is necessary to solve (1) at z = 0.

i 2)"2 _ e (r;2+r2)3/2 :
r———————r———[;—-r—““[]z(rv (p) (17)

r

1 The resonance Q, = 1 and also the resonance for the
linear interaction Q¢ + Q, = 1, Qr+ Q, = 2 occur
only in the event of disturbance of the mirror symmetry

=0$0.
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Here

H (r,9)=1,(1 ;{—arﬁ) [1 +esin<%—Nq>>] )

where -

2ruo < = (”10 )

For the central region of the accelerator qr® « 1
and ¢ < 1; therefore for the unperturbed solution of
(17) one may take :

r=scos (¢ — )+ I*— s*sin? (¢ — ), (18)

where s and § are the coordinates of the center of
curvature of the radius

_.pc
CHQ

Since the appearance of a nonlinear resonance
effect for ¢ « 1 is expressed as a displacement of the
instantaneous center of curvature of the orbit, the so-
lution of (17) should also be sought in the form (18),
where s = s(¢) and ¢ = ¥ (¢).

The relation between the coordinates of the
particles (1, ¢} and the coordinates of the center of
curvature (s, ) for motion in the magnetic field
H,(r, ¢) can be represented in the form

(19)

ds _re H:
Ao e myrriyne
X [reos(@—p)+r' sin (¢ —9)];
s _pe M
d(P € H; .l/r’2—|~r2
X [rsin(@ —¢) —r’ cos(p—})],
where H' _denotes the total derivative with respect to

¢. Inserting (18) into (20) and using the method intro-
duced in [21] of averaging over ¢ for the condition

(20)

smax <% « R, we obtain for even structures (N = 2k)
1
=(—=1""%e oR o %
X( > sin Nw————)
W= — R (— 1)N./23_£_g>< 21)
X m(%)N_Zcos(N\p—%).

From (21) it follows that the boundary separating
operation with precession of the center of curvature
from operation with azimuthal motion of the center of
curvature limited by the angle 7 /N is characterized
by the inequality

e R 7 Smax \N-2
aR2>2N(N—1)!T< i ) ) (22)

The experimental investigation of nonlinear re-
sonance was carried out with an accelerator model for

N=4,%=134cm, ¢ = 0,02. The displacement of

the centers of instantaneous orbits for various radii are
seen in Fig. 1, where the points denote the positions of
the centers of orbits and the numbers, their radii. The

theoretically calculated maximum displacements of the

centers for the case s > % are in agreement with ex-
periment,

For the choice of the parameters of the magnetic
field for which nonlinear resonance will not occur, it

. Is sufficient to use (22), where instead of s, ,, it is

necessary to insert the maximum initial amplitude of
oscillations for the given accelerator,

On the basis of the analysis, a magnetic field
structure with the following parameters was produced:
N=86, *=2.7cm, ¢ = 0,066, Inserting these para-
meters in (22), one can see that it is satisfied starting
with a radius of R= 2 cm. The experimental deter-
mination of the center of curvature of the orbits for

Front edge
of dee

0 30 mim
—

Fig. 1. Position of the centers of instantaneous orbits
for N= 4,
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Fig, 2. Motion of the working points in the stability
band, I) For vertical oscillations; II) for radial
oscillations, .
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" this case showed that the displacement of the orbits
does not exceed the displacements resulting from the
lower harmonics in the magnetic field structure; in
absolute value these displacements do not exceed 2 c¢m,

The motion of the working point in the stability
band characterizing the change in the free oscillation
frequencies in the acceleration process is shown in
Fig. 2. ,

For the design of an accelerator of such a type for
phasotron energies, the choice of operation for the
motion of the Working point in the stability band will
largely depend on the results of ‘investigations of the
passage of particles through the regions of nonlinear
resonances N/(N—1), N/(N-2), ... to N/(N-0.5N) =
= 2 for radial oscillations and also through the coupling
oscillation zone.

Phase Motion

If the mean value of the magnetic field intensity
varies according to the law

: H
H()= —te (23)
1—

1)
. r F b
V()
Eo Y
— , then for a particle of momentum p
_eHp =
(3) on the orbif R+ p( ¢) the phase shift can result from
two factors: 1) deviations of the magnetic field in-
tensity from the law (23) connected with insufficiently
accurate shimming and stabilization; 2) deviations of
the shape of the closed orbit from a circle.
The required degree of stabilization of the mag-
netic field should not be less than
AH _ 1
H & (24)
where p is the number of revolutions of the ion during
acceleration, The error in the measurement of the
magnetic field intensity also should not exceed this
value [22].
The phase shift caused by the change in the period
of revolution of the particle over a closed orbit under

where I =

Hy, oe
13700

13650
]

N\

13600

#3550 .
g 0 20 30 40 S0 60

zcnyx

Fig. 3. Dependence of the average magnetic field in-
tensity of the cyclotron on the radius for N = 6.
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a change in energy can be calculated from the formula

v ' 2nv
3 Vr’2+r2dq)
0

Using the solution of (5), we obtain

A“l_ﬁ{
o 2

24-n N2

T N S (TR |29

From (26), it follows that the value of the correc-
tion to the law (23) is of the order (¢ /N):. For ¢ > 0.1
it is necessary to introduce a correction to the law (23).

Phase operation in the cyclotron was checked on
the six-spiral magnetic field structure for the accelera-
tion of deuterons to an energy of 13 Mev. The mini-
mum accelerating voltage on the dee for the magnetic
field H(r), a graph of which is shown in Fig. 3, turned
out to be 5 kv, Here, the ions underwent approximately
2500 revolutions,

The energy of the accelerated particles at the

limiting radius (54 cm) was determined by two methods:

measurement of the mean radius of ‘curvature of the
orbit by means of three probes and measurement of the
length of path of the accelerated deuterons in alum-
inum foil. The experiments were carried out at an
external beam intensity not exceeding 1 pa, and there-
fore the activity of the internal parts of the chamber
was slight.

Figure 4 shows a plot of the internal beam in-
tensity versus the accelerator radius at an accelerating
voltage of 11 kv on the dee. At all radii, the beam
was well focused and the half-width of its vertical dis-
tribution was less than 1 cm,

Calculation and Shimming of the
Magnetic Field

The magnetic field in the median plane of the
electromagnet gap (pole-face diameter 120 cm, dis-
tance between poles 2h, = 22 cm) of (2) was produced
by means of shims of rectangular cross section bent into
Archimedes spirals r = %N ¢ and a system of ring shims,

. pa
0

Fig. 4, Particle beam current at different radii
(Vo= 11 kv).

0 70 3 0 50 A cm
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In the choice of the parameters of the spiral shims
(the ratio between the width and height), it was assumed
that the magnetization of the shim volume in the
dtrection of the vertical component of the field was
close to saturation. Here, the obtaining of the required
magnetic field law can be separated into two practically
independent problems, The first problem involves the
production of the necessary variation of the field ¢, and
the second involves the formation of the axial symmetnc
field H(r),

.The components of the field from shims of arbltrary
configuration are found from the expression

®=m2  Lay,
. 0. ’

- . ’ §, ¢

H= —grad®,

(27)

where @ is the scalar magnetic potential; M = M, is
the average intensity of magnetization of the sample
along the z axis; p is the distance between the point
~of observation of the field (r, ¢, z) and a variable point
(r', ¢', 2'). of volume V',
From (27), using the well-known integral represent-
. ation [23)

,.;__—_- Se—TIZ---z'II0 (vr) Iy (xr')de +
0 .

+2 Z cosm(p—9@’) S e-Tli=2'l ¥

' m=1 0

x I (tr) I, (vr') dr, (28)
Here, k=mN(m=1,2,3, ...):
P —_—
02
7e =»4M5Nh1 149
A (r) wr VAN 9'°
‘p .
b
s,y 4MBNk,
() = am .

where Qk_%(x) is a spherical Legendre function of the -
second kind with the argument

o 0

r= FANG’ '

@e— ¢ is the azimuthal distance; & is the shim thick-

ness; 2hg is the gap between shims in the vemcal direc-
. 21, 000
tion; M= ——

4n

The field of a system of shims limited in height
can readily be obtained from (30) and (32) as the

e T Lar? ] d
g ‘l/i+<p sinkg’ [ ~ 2z 0, 14%)
(p,’3 2
b

one may find the magnetic field of an arbitrary system
of curvilinear shims in the form of a Fourier series

Hz(r' P, Z)‘:Hz(rs z)+

+ Z Hup (ry 2) sin [y (r,z)— miNgl. (29
m={

Here, 2 /N is the period of the field structure; HN =

e H(r) is the amplitude of the fundamental harmonic,
which is chosen to correspond to the conditions in (10)
and (11). It should be noted that if the amplitudes of
the higher harmonics in the magnetic field law are
not large, then the stability condition is not violated
f24]. .

The shim system giving the required distribution
of H, in the form (29) consists of 2N identical shims
distributed symmetrically with respect to the medfan -
plane of the electromagnet gap (z = 0) and displaced
from one another by an angle of 2¢/ N, For a system -
of sp1ral shims of unlimited height and with a thickness '
that is small in comparison with the other parameters,

~ the average field and amplitudes of the harmonics in
expansion (29) for z = 0, by (27) and (28), can be re-
presented in the form [25]

2MONh,
Y riN

x4

4

()] do

H () 8

X

(30)
)=V HOP+HOP. @
d
coskq’ [ ~dr Qu_% (m)] do’;
3 (32)

] an

difference in the fields from shim systems of unlimited
height with hy and h, (shim height 2b = hy — hy).
If the curvature of the spiral shims tends to zero,

- the amplitudes of the harmonics (29) attain their
limiting values. These limiting values are equal to
the harmonic amplitudes in the field expé.nsion of an
infinite system of rectangular shims of unlimited length
with the same transverse dimensions, The field of such
shims in the coordinate system shown in Fig. 5, under the
conditions (8/hy) < 1 in the plane z = 0, can be re-
presented in the form

1.0)= ‘g 2 [ 2h£x> (

Ty 2b

mh (33)

2n)c

mte) ( *( +>}
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Fig. 5. System of rectangular shims,

Carrying out the summation over S in (33) and ex-
panding the obtained result in a Fourier series, we find
the following expression for the harmonic amplitudes
[26]: '

5 - ~%

I'I;t= 41‘{[73 4 (1—- e jv). (34)
Formula (34) was used for the preliminary choice of the
parameters of the spiral shim system.

The influence of the pole pieces on the field of the
shims is taken into account in the assumption of the in-
finiteness of the pole pieces on the basis of image
theory [27].

For the case in which the magnetic permeability
of the pole y>> 1 and for an electromagnet gap 2h) =

= 2(hy + 2b), we obtain for the harmonic amplitudes
4b

5 -t TE
HE = dMse & S (35)
-—er M
1—e
From (35) it is seen that for hy; > the cal-

culation of the amplitudes of the field harmonics can

be carried out with sufficient accuracy for practical
purposes without taking into account the influence of
the pole pieces by assuming the shim to be of unlimited
height, This. leads to a considerable sxmpllﬂcation of
the calculations by formulas (32) of the dependence of
the amplitude and phase of the fundamental harmomc
of the magnetic field on the radius.

The investigated magnetic field structure was
produced by means of a system of spiral shims with the
following parameters:

1) Ne=4, i=134cm,8=1,2cm,hy=4cm,2b=4 cm,
2) N=6, =27 cm,8=2,5¢cm,h,=4cm,2b=3cm,

The calculated curve and the experimental values
of.the amplitude of the fundamental harmonic for the
first variant is shown in Fig. 6. In this figure the devia-
tions of the phase of the fundamental harmonic 8 4 from
the ideal phase t/% are shown, The change in sign of
the deviation leads to an effective increase in * at the
final radii, which causes a local increase in amplitude.
at these radii. For an optimum choice of % (from the
condition that the limiting amplitude be a maximum)
this effect decreases appreciably. This is seen from

" analysis of the data shown in Fig. 7, in which the.

variation of the amplitude and phase of the fundamental
harmonic with the radius is shown for the variant N = 6,
where x was chosen close to the optimum.

.The pole pieces with spiral shims for this variant
areshowninFig. 8. In the interval of radii 20-50 cm, the
ratio of the harmonic amplitudes in the expansion of the
field corresponds to the calculated value (34). The
amplitude of the eighth harmonic in the first variant
and of the twelfth harmonic in the second is 5 and

{tad H,oe
B {35

Q75 1400

050 1300

025 200

01100

-025
a 0 I 20

3o 4 50

L]
0/\
A
o
-
* B ~ X X t
—
X
¢ r,cm

Fig. 6. A) Variation of the amplitude of the fourth harmonic of the
magnetic field Hy with the radius (solid curve — calculated, circles—
experimental data); B) deviation of the phase of the fourth harmonic
of the magnetic field from a spiral (solid curve — calculated; crosses —

experimental data).
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Fig. 7. A) Variation of the amplitude of the sixth harmonic of the

magnetic field Hg with the radius;

B) Variation of the phase ¢ of

the spiral shim with the radius (solid curve - calculated crosses —

experimental data)..

25%, respectively, of the fundamental harmonic am-
plitude.

The formation of the resonance average field was
effected by ring shims; the calculation of their mag-
netic field was carried out under the assumption of a
uniform axial magnetization [28]. The value of the
magnetization intensity M was found from the curves
of [29] and the magnetometer demagnetization fac-
tor [28]. '

Preliminary experiments carried out with thin,
single ring shims showed that the deviation between the
calculated and experimental curves from the maximum
value of the shim field did not exceed 10%, arid, within
the limits of this accuracy, the principle of superposi-
tion of the fields from the single shims holds. For more
accurate shimming of the average field, steel cylinders
of small diameter (0.8 cm) were used. A redistribu-
tion of the cylinders along the azimuth was used to de-
crease the amplitudes of the first and second harmonics,
whose behavior in the expansion of the field is ac -

Fig, 8. Pole piece with spiral shims.

counted for by errors in the geometry of the shims of .
about 0.01vcr_n in the prepared set of spiral shims and
the misalignment of the pole faces, which did not ex-
ceed 0,05 cm. The values of the amplitudes of the first
and second harmonics for 0 < r < 50 cm did not exceed
15 oe. _ ' '

In order to improve the initial formation of the
beam in the central region of the accelerator, a small
increase in the average field was employed. In the
interval of radii 8-52 cm, the deviation of the average
field from the resonance field did not exceed 2 + 107,
(see Fig. 3,in which the curve with the dots represents .
the experimentally obtained average field),

Measurement and Stabilization of the
Magnetic Field Intensity

The absolute value of the intensity of the inhomo-
geneous magnetic field of the accelerator was measured
by specially designed magnetometers based on the Hall
effect [30] and the phenomenon of nuclear magnetic

. resonance [31, 32].

With the aid of a nuclear magnetometer, the ab-
solute value fof the magnenc field intensity in the
“range of 250 — 24,000 oe with a gradient of 5— 10%
of Hy (to 1000— 1200 oe/ cm) can be measured to an
accuracy of 0,01%. The volume of substance in the
" magnetometer detector was 2 - 104 cm3. At the same
“time the value of the gradient of the magnetic field
intensity at the point of measurement and-its direction
can be determined to an accuracy of +1%.
" The special fitting on which the detectors were
placed permitted the latter to be set at a point at any

., Tadius-or helght to an accuracy of £ 0,01 cm, and azi-
_ . muth to an accuracy of £0,1°,

‘Employed in the nuclear magnetometer were a
remote-controlled system of coarse and fine tuning of
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the regenerative signal detector oscillation circuit and
semi-automatic remote-controlled a21mutha1 positioning -
of the detector,

The magnetic field mtensny of the cyclotron was
stabilized to an accuracy of 0.005% by a nuclear
stabilizer in which the resonance signal was observed
by means of the nuclear induction method [33].

High-Frequency System and Generator

The high-frequency system of the cyclotron con-
sisted of a coaxial fo_ur-cpnductor resonance line (W =
= 64 cm), one side of which was terminated bya mov-
able disc and the other by the deev- chamber load
capacity [34]. '

The shifting of the disc tuned the system in the

7.6 — 12 Mc range at a workmg frequency of 10.5. Me.

A special feature of the high-frequency system
was ‘the use of only one dee and small gaps between
the dee and the chamber (1.5— 2 cm). The high-
frequency probe betweeni the dee and the chamber:
limited the highest possible accelerating voltage to-
40 kv, The small size of the gaps were the cause of
considerable detunmg of: the system under load, which
led to the necessity of taking special steps to keep the
free frequency c'ons;'én't.{The' dee radius was 57.5 cm,’
and the aperture was 4 cm. In order to increase the
working aperture, cooling tubes were located along the
lateral sides of the dee outs1de the working radii.

The generator output stage, working in a grounded-

grid circuit, was connected to two GU-124A tubes con-
nected in parallel Its anode circuit consisted of a
hlgh-frequency system with conductive coupling through

a short air-filled coaxial line with a wave resistance of
| Lo . B

Fig, 9. General view of the accelérator from the side of the ion source and probes. -
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{

-change in the capacity between the dee and an auxiliary

64 ohms. During the operation of the generator with

an independent excitation the shift in the resonance
frequency of the high-frequency system resulting from
the loading led to a change in the accelerating voltage.
The oscillation frequency (the amplitude of the accele-
rating voltage) was maintained constant by means of

an automatic amplitude stabilization system by a
‘electrode introduced into the accelerator chamber, The
stabilization system maintained the accelerating volt- ‘
age constant over the adjustable range to an accuracy of )
1.5%. -

Chamber and Ion Source

The accelerator vacuum chamber has a shape of i

‘a rectangular parallelepiped of size 158 x 154 x 33.5

cm. In order to decrease the undesired radioactive :
‘background from long-lived isotopes accumulated in :
the chamber under the action of the accelerated '

' particles, this chamber, except for the cylindrical steel !

l

covers, was made from an alloy of the "Avialite”

type. The chamber and the outer tube of the resonance :
line formed one vacuum volume evacuated by three i
0il vapor pumps of the H5T type. The working vacuum
in the system was (1-2) - 10® mm Hg for a gas flow into
the source of about 2-5 cm®/ min.

t
'
|

A discharge of the Penniﬁg type, used as'the fon’ j '
source, made it possible to ‘eliminate considerable de- |
sign difficulties connected with the heating of the |
cathode and the cooling of the various parts of the ion ‘
source, The source was designed so that it was possible _|.
to d1splace it sideways and lengthwise without disturbing e‘
the vacuum in the system. The chamber was prov1ded N

i.
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. with three probes with quartz targets as beam indicators.
A fine tungsten wire wound on the quartz targets per-
mitted the measurement of the beam current of ac-
celerated particles simultaneously with v1sua1 observa-
tion,

A general view of the accelerator from the side
of the jon source and probes is shown in Fig, 9.

Conclusions

From the work on setting into operation-and the
study of the accelerator with a spatially varying mag-
netic field, the following conclusions can be made:

1) The linear theory of spatial stability developed
in connection with these accelerators has been experi-
meuntally confirmed in the given range of variation of
the free frequencies of oscillation of the /particles.

2) The nonlinear resonance effect at the center of
the accelerator was investigated theoretically and ex-
perimentally; the values of the parameters for the
magnetic field structure at which this effect is practi-
cally absent were found.

3) The methods developed for producing variation
of the magnetic field intensity provide the necessary
accuracy for practical cases and can be used for con-
structing accelerators of this type,

4) The theoretical and expenmental investigations
that were made, the apparatus designed for measurement
and stabilization of magnetic fields of complex con-
figuration, and the methods of shimming the average
field make it possible to produce the resonant acce-
leration of particles with cyclotrons of appropriate di-
mensions to energies obtained at the present time on
phasotrons with beam currents of hundreds of micro-
amperes,
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ACCELERATION OF IONS IN A CYCLOTRON WITH AN
AZIMUTHALLY VARYING MAGNETIC FIELD

R A, Meshcherov, E, S. M1ronov

L. M. Nemenov,
S. N. Rybin, and Yu. A. Kholmovskii

Translated from Atomnaya finergiya. Vol. 8, No, 3, pp. 201-208, '

March, 1960
Original article subinitted August 6, 1959

This article describes experiments on the acceleration of charged particles in an azimuthally varying magnetic
field on the 1i-meter cyclotron of the Atomic Energy Institute. of the Academy of Sciences, USSR [1).

The production of a magnetic field of the sector type with a coarse variation of ~+15% at a potential of ~15 kv
between the dees made it possible to accelerate deuterons to an energy of 19 Mev, Investigation of the motion
of the ions at the final orbits showed that it was possible to eject a large part of the ion beam with an energy
considerably exceeding 20-22 Mev by means of an electrostatic deflecting system. Curves characterizing the
acceleration process in an azimuthally varying magnetic field were plotted. Valuable data was obtained on the
correction to the form of the magnetic field by current coils distributed inside the accelerating chamber,

Introduction

In order to produce vertical stability of accelerated
fons in an ordinary cyclotron, it is necessary that the
magnetic field intensity decrease as a function of the
radius. As early as 1938, however, L, Thomas [21 -
showed that it is also possible to have stable motion of
charged particles when an increase in the magnetic
field intensity with the radius is accompanied by an
azimuthal variation. Thomas's suggestion opened up
new perspectives in the acceleration of the charged
particles to high energies at high currents, but it was
not developed further, since the production of a mag-
netic field of required form presented at that time an
exceptionally complex problem and the diséovery by
V. L. Veksler (1944) and E, McMillan (1945) of the
principle of autophasing diverted the attention of phy-
sicists from this suggestion.

In recent years, many authors have investigated
theoretically and experimentally the motion of charged
particles in a cyclotron with an azimuthally varying
field {3-61.* A number of theoretical studies has also
been made at the Atomic Energy Institute of the
Academy of Sciences, USSR,

In 1957, experiments were set up on a model of a
14-meter cyclotron (1 /5 natural size) on the modeling
of the azimuthally varying magnetic field of the sector
type. The combined action of the iron and current
correcting elements, which is of considerable interest
in the development of a cyclotron with adjustable
energy, was studied on the same model. The experi-
ment showed that the combination of the iron and current

correcting elements made it possible to produce a
given form of the field over a wide range of magnetic
fields,

The azimuthal variation of the magnetic field
with a flutter of about +15% was produced by three
sectors. This type is the simplest from the point of view
of the technology of construction.

'Preparations for the acceleration of ions on the 14~
meter cyclotron were begun in 1958 after completion of
experiments on the model. New covers for the accelerat-
ing chamber, sectors, and-all necessary iron and current
correcting elements were prepared,

The design of the cyclotron resonance line did not
permit a high-frequency voltage wavelength less than
26,7 m. This circumstance was determined by the
limiting energy to which deuterons and ions of mole-
cular hydrogen could be accelerated,

" Constructive Elements

The new covers of the accelerating chamber were
1500 mm in diameter and 80 mm in thickness, The
covers were machined flat to a tolerance of 0,08 mm.
The tolerance on the machlmng of the iron sectors
of height 30 mm and angular width of ~60° was 0,1 mm,
All iron parts were made to the same tolerance.. In
order to eliminate high<requency losses in the iron parts,
their surfaces were electolytically coated with a copper
layer ~70u thick.

* The cyclotron with a "spiral® magnetic field will not

be considered in the present article,
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Fig. 1. Accelerating chamber covers with correcting iron
elements and current correcting coils, 1) Accelerating
chamber; 2) accelerating chamber covers; 3) outer
correcting elements; 4) sectors; 5) inner correcting
elements; 6) central disks; 7) central correcting coils;
8) correcting coils in gaps; 9) copper shields; 10) vacuurr
lead for energizing the coils; 11) electromagnet pole
piece; 12) insulators; 13) rubber packing; 14) vinyl-
chloride tube,

Figure 1shows a sketch of the accelerating chamber
with covers, The covers were sealed in the usual way.
Sectors 4 were fastened to the covers 2 by means of
screws, The outer 3 and inner 5 iron correcting
elements (the outer correcting elements were of larger
size) were fastened in the same way. As seen from the
diagram, elements 5 were set in the gaps between sec-
tors and served to increase the magnetic field. intensity
on the periphery, In the center of the covers were iron
disks 6 of diameter 200 mm. In order to make a fine
correction at radii of 190-260 mm, the sectors had
threaded openingsinto which could be screwed screws
with heads in the shape of a small disk serving as a
correcting element, Any of the screws fastening the
sector to the cover could be replaced, when necessary,
by a screw with the head in the shape of a disk. At-
tached to the inner surface of each over were four
correcting coils, The central correcting coil had two
sections (each with seven turns) with a separate power
supply. One of the sections permitted the magnetic
field intensity in the central part to be changed, the
other shifted the median magnetic plane.

Figure 2 shows two projections of the central cor-
recting coil. The form 2 for the coil was milled from

180

NN

Fig. 2. Central correcting coil, 1) Accelerating chamber
cover; 2) coil form; 3) copper tube coil; 4) central
disks; 5) copper shield; 6) detachable vacuum coupling;
7) tubes for water cooling of form; 8) clamping plate.

brass and cooled by water by means of copper tubes, To
prevent the zinc from melting during spark-overs the
form was electrolytically coated with a thin copper
layer. Seen in the figure are both sections of the copper
tubes, one next to the other, The detachable vacuum
coupling 6 made it possible, when necessary, to re-
move the coil together with the form. Coils 8 (each
with 14 turns, see Fig. 1) placed in the gaps made it
possible to correct the first harmonic of the magnetic
field nonhomogeneity.

Figure 3 shows a view and section of a similar coil.
All coils are made from copper tubes 4 x 0.5 mm in
diameter set in two rows and cooled by water. The
coil form was also water cooled, All coils were in-
sulated by a vinyl-chloride tube whose gas release
proved to be quite acceptable,

Figure 1 shows a separate section of the vacuum .
lead. All leads from the coils were covered with
copper shields screwed on to the chamber covers. Thus,
owing to the presence of the coil form and shields, the
coils were completely shielded from the effect of high-
frequency currents and spark-overs, Figure 4 shows the
accelerating chamber with the upper cover removed
and Fig. 5 shows the upper cover set in position,

In order to take the characteristics of the beam of
accelerated ions, two shielded probes were designed
and prepared. Before falling on the measuring electrode,
the ions passed through an aluminum filter which pre-
vented low-energy charged particles from falling on
the measuring electrode. Knowing the filter thickness,
one can estimate with sufficient accuracy the ion
energy at any radius of acceleration. A shortcoming of
the shielded probe is the "blind" space formed by the
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3

Fig., 8. Correcting coils in the gaps. 1) Accelerating chamber
cover; 2) coil form; 3) coil; 4) detachable vacuum coupling;
5) water-cooling tube for coil form; 6) copper shield;

T) coil form cover.

Fig. 4. Accelerating chamber with upper cover removed,
An instrument for measuring the magnetic field is seen.

" Fig. 5. Accelerating chamber, Seen on the upper cover
-are the coil leads and the outer correcting iron elements.

front wall of the coil form and the gap between this
wall and the measuring electrode. This blind space
reduces the probe indication by cutting off about 1.5
mm of the initial part of the beam. A probe located
inside one of the dees was also used in the experiments.
This probe could serve both for measurement of the
current and for shielding the beam during the determin-
nation of the zone of the centers of trajectory by the
three-probe method, In order to investigate the dis-
tribution of the fon beam intensity along the vertical,

a multi-electrode probe with a slotted copper screen
behind which thermocouples were placed, was used,
The thermocouples were connected to the measuring
instrument by means of a telephone switch,

An ordinary ion source of the open type was used
to obtain ions. The intensity of the highfrequency
field for drawing the ions from the source was increased
by mounting a flange of length 200 mm on the dees,
The ions were drawn off in both dees.

To decrease the activation of the elements of the
accelerating chambey, all experiments were carried
out under pulsed operation with a duty ratio of 5 to 500,
The ion currents in the pulses were measured by means
of a calibrated oscillograph and the value of the mean
current, by either an integrator or a thermal method.

In all the measurements, the values of the currents in
the pulse were used. To study the motion of ions at
large radii in the region of action of the scattering
field of the electromagnet, the deflecting system was
removed from the dees,

Characteristics of the Magnetic Field and

and Acceleration of Ions

To measure the vertical component of the mag-
netic field intensity in the median plane, an ordinary
circuit with two coils connected in opposition was used.
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Fig. 6. Variation of the magnetic field intensity with
the angle ¢,

The measuring instrument was a ballistic galvanometer,
The accuracy of the measurement was 0.05% of the
value of the intensity at the center of the field Hy.

- Figure 6 shows a plot of the magnetic field in-
tensity versus the azimuthal angle ¢ at different radii
R. From these curves the variation of f(R) and the am-
plitude of the fundamental harmonic ®y(R) shown in
Fig. 7 were obtained.

- The quantity

2n
i H(R, 9)—H
f<R>=g,;§—‘—,%—°—dq>

characterizes the change in the average value of the
magnetic field intensity in the median plane.

1t should be noted that there was good agreement
between the results of the measurements made on the
cyclotron magnet and the data obtained on the model.,
This agreement made it possible to accelerate ions
without any alterations in.the design of the covers,
sectors, and correcting elements.

_ The acceleration of ions of molecular hydrogen and
and deuterons took place under two conditions of opera-
tion differing in the character of the variation of the
average magnetic field intensity as a function of the
radius of acceleration. (The acceleration of molecular
hydrogen ions was convenient, since they produce a
much smaller activity of the elements in the accelerat-
ing chamber). Two different types of magnetic fields
were chosen in order to determine the influence of the
law of the magnetic field increase on the motion of
the accelerated ions,
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In Fig. 8, the curve 2 depicts the variation of the
cutrent with radius for a cyclotron with an azimuthal
variation of the magnetic field. Shown in the same
figure is a similar curve 1 taken on the same cyclotron
under the same conditions, but without an azimuthal
varfation, ' _

The relatively small drop in the current with
radius in the cyclotron with an azimuthal variation is
accounted for by the absence of phase losses and stronger
vertical focusing.

The vertical distribution of the beam current and
the position of the median magnetic plane were in-
vestigated by means-of a multi-electrode thermocouple
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Fig. 7. Variation of the mean value of the magnetic

field intensity and amplitude of the fundamental har-
monic with the radiusz 1) f(R) for Hy= 14.7 koe;
2) f(R) for Hg = 14.koe; 3) @«(R) for Hp= 14.7 koe.
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Fig. 8. Variation of the current with the radius at the
probe position. 1) For an ordinary cyclotron; 2) for a
cyclotron with an azimuthally varying magnetic field.
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Fig. 9. Vertical distribution of the ion beam intensity.

probe, In Fig. 9, curves of this type are shown for two
values of the radius,

It should be noted that the tolerances to which the
covers and sectors were made turned out to be sufficient
to obtain high currents at-the final radii immediately
after assembly, without any correction to the magnetic
field, '

rpad Luag)
“ool 800

. 4
60 i 500

L
|/

o a0 40 60 80

20 200

2V, kv

Fig, 10, Variation of probe current with dee voltage (2);
initial segment of curve on expanded scale (1),
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Fig. 11. Absorption curve taken with an aluminum
filter,
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Fig. 12, Variation of the current with the radius at the
probe position.

Fig. 13. Photograph of beam
obtained by placing a copper
plate irradiated by deuterons
on photographic emulsion.

Figure 10 shows the variation of the ion current
with the accelerating voltage ("control characteristic”)
taken for an energy of 19 Mev at Hy= 14,0 koe, The
energy of the accelerated ions in the given case was
computed on the average orbit radius measured by
means of three probes, The point with the triangle
corresponds to the control voltage calculated under the
assumption that the initial phase is +45°. The control
characteristic for the same ion energy at a magnetic
field intensity Hy = 14.7 koe is practically the same as
the curve shown,
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Fig. 14. Results of photometric measurement of the beam imprint. 1 and 2) Photographic film
background; 3) reference mark obtained with covered photocell; 4) darkening curve.

The action of the central correcting coils on the
ion acceleration process was studied. By using these
coils, we could study the effect of a rise or drop in the
average field value at small radii of acceleration.
Whenever the increase in the field produced by the
coils at the center of the chamber did not exceed +0.5%
of H,, the increase in probe current was slight. For
larger changes of the field at the center (both signs), the
probe current, as a rule, decreased.

To verify the value of the accelerated ion energy
computed at the average orbit radius, the orbits for a
given range of ions in aluminum were established, The
' measuring electrode of the probe was covered with a
layer 190 mg/ cm? thick. The absorption curve taken
under these conditions is shown in Fig. 11, The value
obtained for the mean energy was 21.5 Mev. The
calculations agreed with experiment to an accuracy of
3%, The ion energy spread determined from this curve
‘was ~#1.5%. It should be noted that for ordinary cyclo-
trons. this value is ~£3%.

The motion of ions at large radii was studied.
Figure 12 shows the variation of the accelerated ion
current with the radius,

Figure 13 shows the beam shape at a radius of
700 mm obtained by placing an irradiated copper plate
on photographic emulsion. ' The very small height of
this beam is striking. Figure 14 shows a curve obtained
from the photometric measurement of the beam im-
print. The sharp break in the darkening from the right-
hand side (Figs. 13 and 14) results from the fact that
the accelerated ions at this point began to fall on the
front part of the dee, The large beam width (more than
15 mm) is explained by the disturbance of the radial
stability of the ion motion due to the sharp drop in the
magnetic field intensity.

This circumstance made it possible to eject the
beam by means of an electrostatic deflecting system at
electric field intensities considerably less than in the
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ordinary cyclotrons. Consequently, ions could be
ejected from the accelerating chamber of the cyclo-
tron with an azimuthally varying magnetic field at

~ an energy considerably exceeding the energy of ions

obtained in ordinary cyclotrons (22-24 Mev).
Conclusions

The experiments on the study of ion motion in the
1} -meter cyclotron with an azimuthally varying mag-
netic field gave the following results which are of
great value for the design of similar accelerators:

1. For a difference in potential of 80 kv between
the dees it was possible to accelerate molecular hydro-
gen fons and deuterons to an energy of ~21 Meyv at
an ion current of ~1000.:ua at the final radius of ac-
celeration. At the maximum energy 23.7 Mev, the
accelerated particle current was ~200 fa,

2, 1t was shown that the pioduced form of the
magnetic field completely coincided with the form of
the field obtained on the model that was 1/5 of the
natural size. This also applies to the iron correcting
elements, including the fine correction by screws with
heads in the shape of a disk.

3. Current correcting elements in the form of
coils were introduced into the vacuum volume and
worked reliably during all experiments, The magnetic
fields produced by these coils were investigated.

4, As a result of the study of the change in ion
current at large radii of acceleration, valuable data
was obtained for effecting the beam ejection. On the
basis of these data, it can be stated that an electro-
static system can be used to eject ions of energy con-
siderably greater than the jon energy obtained in ordi-
nary cyclotrons,

5. Experiments on the determination of the ion
energy at the final radius of acceleration by means of
aluminum filters showed that the energy spread of ions
in the beam was ~%1.5%,
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METHOD OF OBTAINING AN AVERAGE VALUE FOR THE
NUCLEAR CONSTANTS INVOLVED IN FAST REACTOR
CALCULATIONS, TAKING INTO ACCOUNT THE NEUTRON
VALUES '

A. 1. Novozhilov and S, B. Shikhov

Translated from Atomnaya Energiya, Vol. 8, No. 3, pp. 209-213,
March, 1960
Original articl'e submitted January 8, 1959

In this paper we present a method of finding the average value of multiple-group constants so that we may use
the values in single-group calculations to determine the critical dimensions or the critical mass of a two-zone
fast reactor. The accuracy of the method, as verified by means of an example involving the solution of nine-
group space problems, turns out to be so high that it becomes unnecessary to solve the multiple group space
problem in order to compute the critical mass of a thick-screen, two-zone reactor. The results of these cal-
culations are given in this paper. This method provides a basic simplification of the necessary calculations in-
volved in the design of fast reactors as compared to those required when using the multiple-group space diffusion
method.

Introduction We now examine a method of averaging the con-
stants which practically removes the indicated error

The neutron spectrum in a fast reactor represents
in the single-group computation,

a neutron fission spectrum softened by the effects of
elastic and inelastic retardation due to the heavy and Initial Equations and Method of
average nuclei of the substances composing the active Catlculation
zone of the reactor and its sheath,

For neutrons having an energy of ~0.1 Mev there is
“practically no inelastic scattering due to the fact that
the neutrons comprising the basic portion of the spectrum
have an energy close to 0.1 Mev, which permits us to
use the simple homogeneous method of calculation in

Let us examine the total neutron balance and the
values of the neutrons in a finite volume regardiess
whether the volume is located in the active zone or in
the shield. The following equations hold

order to compute the critical volume or critical mass —Jr— E 71 T ( 2 Z )
of the reactor, The accuracy of the computation de- " v("z(’)l (1)
pends upon a correct choice for the cross section of the : s xh Z = t_ 0;
single group, eff
Usually, when we compute the single-group cross
section, we make an approximate evaluation by inte- . Jk
grating separately the spectrum in the active zone and = Ji = ZE’;)I’; - (E(}’gl" - 2 I’z
in the sheath and then the initial multiple-group con- j=htt . (2)
stants are averaged on the basis of these spectra. The v<")2§',‘; i It
results of calculations show that the critical mass as Kegs 1_21 Xfe=
determined with the aid of multiple-group constants -
averaged over the neutron spectra is from 10-20% lower (k=1,2,...,m).
than the critical mass obtained by solving the multiple- Here - ' _ .
group space diffusion system of equations. This dis- I = S ®,, dVand Ii = S ©j, av
crepancy is due to the fact that this method of averag- v
ing does not take into account the different reactive are the integrals giving the flux and values of the neu-
contributions of the neutrons in the various groups due trons in the kth group of the volume under study; Jy, 3 k
to their different values, are the total neutron leakages and values for the
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volume under study. the indices "c", "f", "hr"

for the macroscopic cross sections denote the respective
radiation capture, fission and total elastic and inelastic
removals for the given group; ):t}g_ denotes the macro-
scopic cross section of the heat removal from the jth
group to kth group,

m
3 gl
)‘1(’?) E] .
“hr ’-7%1 hr’

where X, is the portion of the fission neutrons arriving
m

in the kth group, then 2 x, = 1; ,,vf(k) denotes the
=y

number of fission neutrons per fission resulting from
the neutrons in the kth group. The number of groups in
(1) increases as the neutron energy decreases.

The values of K¢ in (1) and (2) coincide, as we
know, since these equations are conjugate. The spectra
of the neutron flux and the neutron values which are
determined from these equations will be used to obtain
the average values of the constants separately in the
active zone and in the sheath, and the single-group
constants obtained will enable us to successfully cal-
culate the critical reactor loading without having to
solve the multiple-group space diffusion problem.

For an active zone of given dimensions it is
simplest to evaluate the spectra by calculations based
upon the bare (unshielded) reactor where the radius Ry
of the reactor is determined either with the aid of the
effective supplement (the orientation of the supplement
is always known), or by means of an approximate esti-
mate of the critical mass,

In the first case we know the radius of the equiva-
lent bare reactor; this determines the value of

T 2
%2:: <—~—> E
R )

J’l,a.z.: anhlh; Dh =

and

1 3)
"_.F .
3z
Then we can solve (1), starting with the first group and
proceeding to the last group inclusive, but we must

assume that .
m

Yy ed
1;1 vy 2/ )1[
= =1

Ketr '

(3a)

where the volume of the basic fissionable isotope (i,e,,
the volume ratio) is chosen so that K ¢ = 1.

~ In the second case the volume of the basic fission-
able isotope is given and we must choose R; so that
Keff = 1. We can do this most conveniently if we use
the formula given below, based upon perturbation
theory, for finding the crmcal radius Rcr of the bare
‘reactor

Ror == ‘/—7;' )
A e :
where ,
m .
J = 2 Jh.a.z.v
r=1
and AK = K ¢ — 1; this corresponds to the value of R

used in the calculation.

The system of value equations is solved in an
analogous manner for the value of R, = Rey which we
have found, starting with the last group and working to-
wards the first group, inclusive; in this process we must
assume in (2) that

Ji az.= 2D, I};

5 5

210 =Kot v

When we satisfy the latter relation we verify the cor-
rectness of the solution of (1) and (2).

In order to compute the integral spectra for the
neutron flux and the neutron values in the shield we
should in (1) and (2) assume that the space leakages
are equal to zero (for a sufficiently thick shield) and
consider the leakage from the equivalent-bare reactor as'
supplementary (outer) sources for the sheath, or in other
words we should make the following substitutions in (1)
and (2):

—Jv=Jraz. —Jki=J%a.z.

Then the solution of (1) may be written in the form
proposed by L. N. Usachev

2 ;J)E(J)NI
Jh"‘Nh+A/[h—i—k_'_—’ (6)

(o]

where

3

) Koo.= Z

J=1

s ()
V; Zf Mj- 4
The value of My, represents the neutron flux in the

kth group of an infinite medium with fission neutrons
as sources, and is computed by solving equation

h—1t
- zg';.)hr Mh + 2
(k =1, 2 m),

ki
l?Mf_'_Xh:O

where Nk is the neutron flux in an infinite medium
with external sources which represent a leakage from
the active zone, and which is calculated by solving
equation

_zg';h, N, + Z SHN; H,{ a.z="0.

The solution of (2) for the sheath is written in an
analogous manner.
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Obtaining the Average Values of the Constants and the Single -Group Method

of Determining the Critical Loading

The spectra obtained are used to find the average values of the constants in the following manner,*

We sub- ‘

stitute (3) into (1) and then multiply (1) by I*}; we then sum over all the groups. The result of the summation

may be written in the form

Ch—1

. Z Dh1h1k+ S‘ SR - 2 Ih( =M — 2 T} 1)
» R=1 j= .
Koff : (8)
eff + 3 OEIOTR
. (EIth)(l VL)
K=1 I=1
At the same time we have for one group takes the form
1 _®DL{3, . v k¢t
Keff ‘VIZ‘; (9) / 7)’% . *
2 Ik (14a)

Inasmuch as-we wish that the reactivity computed by
means of the single-group method coincide with the
reactivity obtained using the multiplegroup calcu-
lations, it is natural to use the following scheme for
obtaining the average values of the constants

m
> Dulidi
n I )
D=t (10)
\‘, Inlic
/:?1
3= B¢+ Beff (11)
ne
\‘ “”‘)I In
v Pt
~oef = ”n -
M el - .(12)

fe: o

m

Z 1’ (V(,()Jk Z SIzJ[ )
k==t

Eeff - m :
: N Iplic (13)
Vlcji

1t mn
(N mww ) (D) vP20n)
1=

S /BN | =1
v == .
=7 e
. 14
> i o
k=1

The effective cross section is determined from (13)
which characterizes the reactive input due to the fact
that after being scattered the neutron passes over into a
state which has a different value, Formulas (10)14)
then transform into the usual formulas for obtaining the
average value from the neutron spectrum, if we assume
that the values of the neutrons in all the groups are
equal.

For the active zone, where the spectrum evaluation
is based upon the spectrum of the bare reactor, (14)
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k=1

The single-group cross sections, computed in the
indicated manner, must give a reactivity, calculated

- using (9), that coincides with that computed by means

of the multiple-group formula of perturbation theory,
(8).

This serves as the basis which permits us to use the
single-group formula for the critical dimension in the
two-zone reactor calculations, and thus to entirely omit

the calculation of the space distribution of the neutrons .

tg xR, 1

®R D’ !
a ""—11)_) (%' Ry cth'd 1-1) (15)

where the magnitudes designated by the dash on top
refer to the shield, and

-  v3f
a~ -

Keff
»')2 — : (16
) 5 )

VX —
]\f‘f; T (17)

W€

(R, is the radius of the active zone and d,the thickness
of the shield).

* We wish to note that a method of obtaining the average

values of the constants, taking the values of the neutrons
into account, was proposed independently of the solution
given by the authors of this paper, in[1]. G. I Marchuk
has made known that he has found an iterative method
of reducing the multiple-group diffusion problem to an
equivalent single~ or two-group problem which may be
used in multiple—zone reactor calculations, The method
was developed in order to determine the higher order
corrections for the diffusion approximation, In con-
trast to the method proposed in the present paper he
requires a preliminary understanding of the space dis-
tribution in similar reactors. |
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TABLE 1

Composition of the Active Zone of the Reactor
Fractional Reactor variation

volume of

the element I 11 1
€ alloy 0.33 0.35 0.31
€ Na 0.50 0.53 0.57
€ Fe 0,17 0,12 0.12

Remarks: 1) The fuel used in reactor variations I and
Il was the alloy U™ + Pu™, the fuel used in variation
Il was UP® + U®5, 2) The radius of the active zone
Ra was for variation I, 36,55 cm, for variation II,
60.35 c¢m, for variation III, 58,15 cm. 3) The shield
thickness was 60 cm for all three reactots. 4) The
volume of the sheath was equally composed of: €, =
= 0.7; eng= 0.2 and €pe = 0.1 and was the same for
all reactors.

The single-group macroscopic active zone cross
sections in (17) represent the sum of the single-group
cross sections of the individual isotopes, i.e.,

2= 20,Nue,=¢4+B.

TABLE 2

Declassified and Approved For Release 2013/02/19 : CIA-RDP10-02196R000100050003-6

From this expression we can obtain the fraction of the
volume occupied by the fissionable isotope € ;-

For a‘given Ra we usually determine the value of
« and substituting this value in (17) find ¢ § for Keff =
= 1. If the value of ef coincides with the value
assumed in the calculation for the bare reactor then
we consider that we have solved the problem of de-
termining the critical mass of the reactor. If there is
a substantial difference then the computation of the
spectra and of the single-group constant should be re-
peated using the newly obtained volume fraction, In
this process it is not necessary to recompute the sheath
spectra and constants since they are insensitive to the
composition and dimensions of the active zone,

Thé value of critical mass obtained in this manner
is in good agreement with the critical mass computed
with the aid of the set of equations for a nine-group
diffusion system. In addition, we can obtain as a re-
sult of these computations the effective supplement
6 eff which is equal to the difference between the
critical radius of the bare reactor R, and the radius
of the active zone, § o¢f = R — Ra.

"Discussion of the Results and Conclusions

The proposed method was verified by a series of
calculations for fast reactors of varying dimensions

Average Values of Single-Group Cross Sections Obtained by Taking Account of and NotTaking

Account of Neutron Values

Reactor Active zone Sheath
varia- Method of averaging — -
tions Ly Zeff D | - D’ %
1 with neutron values. 0,0176 0,0085 (),0019 1,96 0, 062 1,30 0,090
without neutron values 0,0154 | 0,0084 — 1,65 0,060 0,88 0,086
S with neutron values 0,0133 | 0,008 | 0,0018 1,98 0,041 . 1,27 0,095
without neutron values 0,0119 | -0,0083 - 1,62 0,040 0,9 0,089
1 with neutron values 0,0118 0,0067 0,0020 | 1,84 - 0,042 1,17 0,087
without neutron values 0,0099 |. 0,0072 - 1 ,08 0,043 | 0,96 0,085
TABLE 3
Fractional Volumes of the Basic Fissionable Isotope ¢ § in Three Reactor Variations for Kggr= 1
Reactor variations " ‘Difference between
Method of computation the single-group and
space calculation
1 I 1 .
results in %
Nine-group space ......... 0.0512 0.0464 0.0300 -
Single-group, not taking account
of neutron values .. ....., 0,0460 0,0400 0.0260 —(10-14)
Single-group taking account of '
the neutron values . .. . ... 0.0510 0.0466 | 10,0300 <1
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and having active zones and shields of varying com-
position. In all cases the critical mass as calculated
by the singlegroup method, taking into account the
values of the neutrons, agreed well with the critical
mass obtained from the multiple-group space calcula—~
tions.

In Table 1 we give the composition of the active
zone and shield for three fast reactors.

The integral spectra of the neutron fluxes I, and

. the neutron values Iff were found using the nine-group
approximation. The group constants for these calcula-
tions were taken from [ 2],

We see from Table 2 that the single-group cross
section, computed taking and not taking the neutron
values into account, can differ quite significantly; in
the first case we systematically add the effective
cross section of the heat remover to the capture cross
sectioi,

The values of the fraction of the basic fissionable
isotope obtained by means of the single-group method
discussed in this paper, and a comparison with the
values obtained by means of the nine-group space
calculations are given in Table 3,

As we see from Table 3, the result obtained using
the proposed method coincides very closely with the
solution of the nine-group space problem (the difference
in the results lies within the limits of accuracy of the
computations); this is due to the correct method of ob-
taining the average cross section which reduces the
multiplegroup reactivity equations (8) to a single-
group eduation (9).

The accuracy of the method turns out to be
sufficiently high so that it is no longer necessary in
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multiple-group space calculations to compute the
critical mass of a fast reactor with a thick sheath,

The method herein considered for calculating
the critical loading of fast reactors has been applied
and verified for the following conditions:

1. The sheath must be thick, of the order of two- -
three effective diffusion lengths L off = 1/ g'. in order
that we can neglect the space leakage.

2. There must not be an edge effect in the sheath.
In fast reactors, using only heavy nu